Along the South Fork of the Eel River in northern California, paleoerosion rates derived from 10 Be concentrations in late Pleistocene strath terrace sediment are a factor of 2 greater than erosion rates derived from modern stream sediment and 3.5 times greater than paleoerosion rates from the Pleistocene-Holocene transition. Using these results as a proxy for sediment supply, we provide quantitative fi eld-based evidence that extensive strath planation is linked to elevated sediment supply conditions. We have used optically stimulated luminescence (OSL) to date strath terrace sediment and fi nd that the highest erosion rates and most extensive period of strath planation occurred during a period of increased precipitation in the late Pleistocene. Based on our OSL data, we estimate that bedrock channel lowering rates have outpaced basin-averaged erosion rates by a factor of three since abandonment of the extensive late Pleistocene strath surface. Thus, our data indicate that hillslope relief has been increasing for the past ~20 ka.
INTRODUCTION
Despite the widespread use of strath terraces in fl uvial and tectonic geomorphology, the conditions surrounding planation of a strath surface are not well understood. The most frequently invoked hypothesis for strath planation suggests that a climate-driven increase in sediment supply relative to transport capacity drives aggradation and armors the bed of the channel (Gilbert, 1877) . Under these conditions, vertical incision is limited and lateral planation becomes the dominant mode of incision.
Among the numerous studies that invoke climate-driven increases in sediment supply as a driver of strath planation (e.g., Hancock and Anderson, 2002; Wegmann and Pazzaglia, 2002; Personius et al., 1993) , there has not been a study that quantifi es sediment supply conditions associated with strath planation. Here we show that sediments capping a broad late Pleistocene strath terrace in northern California record high sediment supply rates relative to post-abandonment rates, providing quantitative support for the Gilbert hypothesis of strath terrace formation.
FIELD AREA
The South Fork of the Eel River and its headwater tributaries occupy forested valleys in the Coastal Range of northern California. Regional rock uplift rates are highly variable, ranging from 4 mm/a near the Mendocino triple junction to 0.4 mm/a along the coast near the headwaters of the South Fork Eel (Merritts et al., 1994) . The bedrock is part of the Central and Coastal belts of the Franciscan Complex and consists predominately of mudstone, with localized outcrops of sandstone (Jayco et al., 1989) . Seidl and Dietrich (1992) mapped a series of strath terraces along Elder Creek and the South Fork Eel (Fig. 1 ) located within the Nature Conservancy's Angelo Coast Range Reserve. We investigate these terraces here.
METHODS
The concentration of 10 Be in terrace sediment has been shown to be a reliable estimator of long-term, basin-averaged erosion rates during the period of deposition (Schaller et al., 2002) . In this study, we use the concentration of 10 Be in strath terrace sediment to determine basin-averaged erosion rates during deposition (and presumably during planation of the strath surface). Strath terrace sediment samples were collected underneath large alluvial boulders (~40-60 cm in diameter) as close as possible to the strath-alluvium contact to increase the likelihood that the sediment was in place and was deposited during strath planation (GSA Data Repository  Fig. DR1   1 ). We discarded the outer 10-20 cm of bulk sediment to minimize the effect of postdepositional production due to lateral exposure. In addition to strath terrace samples, we measured the 10 Be concentration in active fl uvial deposits adjacent to each terrace sample location. In both cases, the 0.25-0.50 mm grain size fraction was processed using standard 10 Be extraction techniques (Kohl and Nishiizumi, 1992) .
10
Be production rates (sea-level high-latitude of 4.5 atm g -1 a -1 ) and topographic shielding factors (Table DR1) were calculated from LiDAR (light detection and ranging) elevation data (National Center for Airborne Laser Mapping, www.ncalm.org) using the methods of Balco et al. (2008) and the production equations of Lal (1991) as modifi ed by Stone (2000) . Paleoerosion rates, as well as modern erosion rates, were calculated using the equations of Schaller et al. (2004) that allow for the estimation of postdepositional production beneath a terrace deposit that decreases in depth through time.
Optically stimulated luminescence (OSL) samples were collected adjacent to the 10 Be samples in closed-end metal cylinders with diameters ranging from 7.5 to 12.5 cm. Processing, data collection, and data analysis of the OSL samples (Tables DR2 and DR3) followed the methods described in Lepper et al. (2007, GSA Data Repository item 2007164) .
DATA INTERPRETATION
In calculating the paleoerosion rates reported here, we have made some simplifying assumptions that allow us to constrain postdepositional production of 10 Be. First, we assume that the thickness of the terrace deposit was at a maximum immediately after planation of the strath surface. If the terrace deposit accumulated over hundreds to thousands of years and reached a maximum thickness well after planation, our assumption of rapid burial would result in an underestimation of postdepositional production. Second, we assume that postdepositional production due to lateral exposure of the sample on the valley wall is negligible. Topographic shielding calculations indicate that production due to lateral exposure is only ~50% of the in situ production rate at the terrace surface. In addition, the duration of lateral exposure will be less than the OSL age used in the calculation of postdepositional production, depending on the erosion and retreat rate of the incised terrace face. Assuming negligible production from lateral exposure also results in a potential underestimation of postdepositional production. These two assumptions, along with a correction for postdepositional lowering of the terrace surface (0.07 mm/a based on the lowest erosion rate in our data set), allow us to reasonably estimate postdepositional production in the paleoerosion rate samples. Because both of our assumptions result in a potential underestimation of postdepositional production, the paleoerosion rates should be viewed as minimum rates of erosion.
The OSL ages derived from strath terrace sediment represent the depositional age of the sediment used for OSL and 10 Be analysis. Given that the OSL samples were collected underneath large alluvial boulders as close as possible to the strath surface, it is likely that the sediment used for OSL dating is associated with strath planation. We also note that ages derived from material in contact with a strath surface are commonly assumed to be associated with the period of planation that carved the strath surface (Wegmann and Pazzaglia, 2002; Hancock and Anderson, 2002) . Therefore, we interpret the OSL ages in our study as a point in time when active planation was taking place.
RESULTS

10
Be concentrations in strath terrace sediment decrease with strath height such that concentrations from the upper strath are only two-thirds of those found in modern river and Holocene terrace sediment, and onethird of those found in samples from a Pleistocene-Holocene (P-H) transitional terrace (Table 1) . OSL ages derived from strath terrace sediment track well with strath height, indicating that the upper strath surface is late Pleistocene in age, while lower strath surfaces range in age from the P-H transition to the middle Holocene ( Figs. 1 and 2 ; Table 1 ). After a correction for postdepositional production, paleoerosion rates from the upper strath terrace are a factor of 2 greater than nearby modern erosion rates and 3.5 times greater than paleoerosion rates from the P-H transition (Fig. 3) . We have no age control on terrace samples near the mouth Be due to postdepositional production. Density of overlying terrace deposit is assumed to be 2.0 g cm -3
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of Elder Creek (samples 002 and 009), and therefore just report the 10 Be concentration and uncorrected paleoerosion rate for those samples.
Using LiDAR data from the region, we have identifi ed fl at regions (average slope ≤5%) near the channel with areas >100 m 2 . The cumulative distribution of fl at area (in square meters) as a function of height shows a signifi cant increase in cumulative area between 13 m and 16 m above the channel (Fig. 1, inset) . Based on this vertical distribution, we have categorized the fl at regions into two broad categories, lower (<13 m above channel) and upper (≥13 m above channel). This analysis crudely delineates terraces surfaces and demonstrates the broad extent of the upper terrace relative to the lower terraces. Field inspection of many of the fl at regions identifi ed with this method confi rms that they are strath terraces.
The use of 10 Be concentrations in strath terrace sediment to estimate sediment supply during strath planation requires that the averaging time scale of the sample is less than the duration of lateral planation. With averaging time scales of ~2.5 ka and preserved terrace widths approaching 100 m (Table 1) , late Pleistocene planation rates would have to be at least 40 mm/a before the averaging time scale would exceed the duration of lateral planation. Based on the difference in age between OSL samples collected at opposite ends of a gently sloping P-H transitional terrace (samples collected ~34 m apart), we estimate an average lateral planation rate of 13 mm/a during this period. Planation rates would have to increase by a factor of three before the duration of lateral planation equaled the averaging time scale mentioned above. An increase of this magnitude seems unlikely, and we believe that the 10 Be samples from late Pleistocene terraces represent sediment supply conditions that are distinct to the period of lateral planation.
DISCUSSION
The widest and most extensive strath terraces are mantled with alluvial sediment, which was deposited when the landscape was eroding twice as fast as modern erosion rates. This result supports the hypothesis that extensive strath planation occurs under conditions of elevated sediment supply and quantifi es for the fi rst time sediment supply conditions during a period of strath planation relative to conditions during a period of vertical incision and sporadic terrace formation.
Sediment supply on the South Fork Eel appears to be controlled by climate as well as hillslope response to channel incision. Regional paleoclimate reconstructions based on pollen records from Clear Lake, California (~100 km southeast) indicate that annual precipitation was higher than present for an extended period of time during the late Pleistocene (ca. 70-18 ka ago; Adam and West, 1983) . This period of increased precipitation correlates in time with OSL ages from the upper strath terrace (33.3 ± 4.1 ka and 20.5 ± 3.3 ka), where we have found elevated sediment supply. In addition to a general increase in sediment supply during this wet period, sediment supply conditions were almost certainly infl uenced by an increase in deep-seated landslide activity. Several studies support this assertion, including a study by Hilley et al. (2004) that shows a strong link between precipitation and movement of deep-seated landslides. A study in the nearby Coast Range of Oregon suggests that landslide activity increased during the latest Pleistocene and argues that it played an important role in regional strath terrace development (Personius et al., 1993) . In addition to our suggestion of a climate-driven increase in deep-seated landslide activity, Mackey et al. (2006) have suggested that lateral channel erosion along the South Fork Eel, possibly driven by intense weathering of the mudstone banks due to wetting and drying cycles (Stock et al., 2005) , provides an important base-level control on deep-seated landslide activity. This base-level control hypothesis provides a potential feedback mechanism between lateral planation and increased sediment supply that likely contributed to extensive strath planation during the late Pleistocene.
Increased deep-seated landslide activity during the late Pleistocene provides an obvious mechanism to increase sediment supply relative to transport capacity, resulting in a channel bed that is armored with sediment and resistant to vertical incision. Our data suggest a link between elevated sediment supply, extensive strath planation, and increased precipitation during the late Pleistocene. Given this link, and the susceptibility of the South Fork Eel watershed to deep-seated landslides, we appeal to a climate-driven increase in sediment supply and deep-seated landslide activity, augmented by the feedback between lateral erosion and base-level-driven landslides, as the primary driver of strath planation during the late Pleistocene.
In general, our data show a positive relationship between terrace area and sediment supply. However, there are two lower terraces, both located at tributary junctions, that do not show this relationship. Sediment from the large terrace at the mouth of Jack of Hearts Creek indicates moderate sediment supply (0.20 mm/a), while sediment from the small terrace at the mouth of Elder Creek indicates elevated sediment supply (0.28 mm/a). The unexpectedly high erosion rate from the small Elder Creek terrace could be the result of deep-seated landslide activity within a small drainage basin (~17 km 2 ), where localized delivery of 10 Be-poor sediment can increase the measured erosion rate above the true basin-averaged erosion rate (Niemi et al., 2005) . Based on the two OSL samples from the gently sloping P-H transitional terrace, we estimate a vertical bedrock incision rate of 0.6 mm/a. In comparison, direct measurements of vertical incision along the South Fork Eel revealed median rates between 0.6 and 0.75 mm/a (Stock et al., 2005) . In another study of incision on the South Fork Eel, Sklar and Dietrich (2006) used a bedrock incision model that accounts for the effects of sediment cover to show that vertical incision rates of 0.9 mm/a are sustainable under current conditions in which ~85% of the channel bed is covered with sediment. Over longer time scales and multiple terrace cycles, we estimate channel lowering rates between 0.4 and 0.5 mm/a over the past ~20 ka.
A simple comparison of channel lowering rates and basin-averaged erosion rates suggests that topographic relief has been increasing since abandonment of the upper strath surface and a change to drier climate conditions. Based on the OSL ages from the upper strath and the P-H transitional strath, we estimate channel-lowering rates of 0.4 mm/a from 20 to 12 ka ago. Paleoerosion rates averaged over roughly the same time period are 0.1 mm/a, suggesting an increase in relief of 0.3 mm/a during that period. Over the past ~12 ka, we estimate channel lowering rates of 0.5 mm/a compared to basin-averaged erosion rates of 0.2 mm/a, again suggesting an increase in relief of 0.3 mm/a during that period. These results support the hypothesis of Gabet et al. (2004) that suggests that a change in climate from wet to dry can drive an increase in relief by enabling the threshold hillslope angle to increase.
CONCLUSIONS
The elevated paleoerosion rates associated with the extensive upper strath terrace support the hypothesis that strath planation occurs under elevated sediment supply conditions. In addition, these elevated paleoerosion rates correlate in time with increased annual precipitation during the late Pleistocene. The susceptibility of the South Fork Eel watershed to deep-seated landslides provides an obvious mechanism for increasing sediment supply relative to transport capacity, armoring the bed and preventing vertical incision. Thus, our data suggest that a climate-driven increase in sediment supply and deep-seated landslide activity, augmented by the positive feedback between lateral planation and base-level-induced landslide activity, is the primary driver of strath planation in the upper South Fork Eel basin. Our data indicate an increase in topographic relief over the past ~20 ka. This increase in relief could be the result of a climate-driven increase in the threshold hillslope angle.
